Restricted Translation of the Genome of the Flavivirus Kunjin in ritro
SUMMARY Virion RNA of Kunjin virus was translated in rabbit reticulocyte lysates at a rate (7000 daltons/min) approaching that observed previously in vivo. As many as 18 polypeptides were translated and shown by tryptic peptide mapping to be closely related to one another and to contain some of the elements of envelope (E) and most of the elements of core (C) proteins of Kunjin virus. None of the products resolved in gels were precipitated by antiserum to purified E protein, but the larger products were precipitated by an antiserum against all the Kunjin virus-specified proteins. No evidence was obtained of translation of the non-structural proteins, despite attempts to retain or perturb the structure of the virion RNA. As many as 50~ of the amino acid sequences in the peptide maps were not identifiable.
The RNA genome of the flaviviruses is infectious and capable of coding for proteins totalling 370000 daltons (Westaway, 1973) . It represents the sole virus mRNA found in infected cells (Boulton & Westaway, 1977; Wengler et al., 1978) . The three structural proteins (E, C and M, total about 80000 daltons) and all the non-structural proteins are apparently unrelated to one another by peptide mapping Wengler et al., 1979; Svitkin et al., 1981) . There is no evidence of in vivo synthesis of flavivirus polyprotein followed by post-translational cleavage, and independent initiation of translation of several Kunjin virus proteins appears to occur internally on the single mRNA (Westaway, 1977; Westaway & Shew, 1977) . In vitro translation of all or part of the cistrons of the envelope (E) and core (C) proteins of the flaviviruses West Nile (WN) (Wengler et al., 1979) and tick-borne encephalitis (TBE) (Svitkin et aL, 1981) has been reported; larger products contain elements of E and C, and other unidentified peptides. In this paper, we present detailed analyses of the efficient but restricted translation in vitro of the RNA extracted from purified Kunjin virus.
Kunjin virus was harvested in culture fluids after growth for 24 to 48 h in roller bottle cultures of Vero cells, concentrated by precipitation with polyethylene glycol and purified by rate-zonal sedimentation (Westaway, 1973) . The virus peak was detected by haemagglutinin content or by light scattering, and virions were pelleted by centrifugation. RNA free of nicks was extracted from virus pellets with 2 ~ SDS and then sedimented through a sucrose density-gradient in TNE buffer (0.1 M-NaCI, 20 mM-Tris-HC1, 1 mM-EDTA, pH 7-4) containing 0.5~ SDS, as a homogeneous peak of 44S RNA (relative to Sindbis virus 49S RNA; Boulton & Westaway, 1972 , 1977 Westaway, 1980) detected by absorption at 254 nm during fraction collection. The RNA was precipitated with ethanol at -20 °C, dissolved in water and stored in aliquots at -70 °C.
The translation of I ~tg Kunjin genomic RNA was linear for at least 30 min and incorporation of [3SS]methionine reached a plateau between 45 and 60 min (results not shown). The size of the cell-free translation products increased with time, to a maximum of mol. wt. 121000 by 30 min; as many as 18 polypeptide bands (mol. wt. range 14000 to 121000) were detected (Fig. 1 a) . In other experiments (results not shown), low mol. wt. polypeptides were resolved in gels from samples taken as early as only 2 min incubation. The nature of the aggregated material evident at the top of the gel in the 10 min and subsequent samples is unknown. Only one band, of approx. 70000 mol. wt., appeared to co-migrate with an in vivo product; its translation time was 7 to 10 min. The sizes and proportion of the lower mol. wt. (i.e. early) products did not alter with time, indicating that the larger products were not precursors of the smaller ones. Furthermore, there was no late accumulation of smaller polypeptides translated from either Kunjin RNA or added adenovirus mRNA, and changes in the potassium ion concentration for translation within the range 60 to 120 mM had no effect on the electrophoretic profiles (results not shown). act. 1000 Ci/mmol), 10 gl of the micrococcal nuclease-treated lysate and 5.5 Ixl of the kit translation mixture containing the energy sources. After incubation at 30 °C, reactions were terminated by addition of 2 ~tg pancreatic ribonuclease A and 100 mM-EDTA, and a further 15 min incubation. In (a) (10% SDS discontinuous gel; 2 Ixl samples were taken at the times indicated (5 ~tl sample at 0 and 10 min). Lanes 1 and 2, mock-infected and infected Vero cell cytoplasm respectively, labelled with [35S]methionine from 24 to 27 h post-infection. The virus-specified proteins in lane 2 are P10, P14(C), GP19, P21, P51(E), P71 and P98.
[The letters C and E in parentheses indicate the relationship of P14 and P51 to the core and envelope proteins respectively of Kunjin virus . This nomenclature sysem replaces that previously used (V1 to V3 for structural proteins and NV1 to NV5 for non-structural proteins) for Kunjin and other flaviviruses.] Lane 3, endogenous translation product (control); lanes 4 to 9, translation time of cell-free translation products at 0, 10, 20, 30, 40 and 60 min respectively. In (b) (gradient gel 5 to 17%) the 60 min translation products were obtained from two different RNA preparations. One of these was immunoprecipitated using rabbit antiserum prepared against a Kunjin virus pool of infected suckling mouse brain (lane 5, from a 7 to 17 % gradient gel). Lanes 1 to 3, translation time of products at 7, 60 and 60 min; lane 4, endogenous translation product (control). Mol. wt. for the products were measured by reference to 14C-labelled protein markers (Amersham International) in adjacent lanes (not shown). (Svitkin et al., 1978 (Svitkin et al., , 1981 Wengler et al., 1979) , produced no changes in the products. The profiles of the translation products obtained with four different preparations of virion RNA were identical, other than for some slight variation in the quantities of lower mol. wt. products (results not shown). The latter were reduced also in the profiles obtained late in the investigation with a new batch of reticulocyte lysate (Fig. 1 b) . The major product precipitated by rabbit antiserum to Kunjin virusinfected cytoplasm (containing all the virus-specified proteins) was p121 (lane 5, Fig. l b) ; however, neither p121 nor any of the smaller products were precipitated by rabbit antiserum to purified E of Kunjin virus (results not shown). The latter antiserum was shown previously to specifically precipitate only P51(E) and other Kunjin envelope-related proteins from in vivolabelled cytoplasm (Wright et al., 1981) . Each of the 18 products identified by polyacrylamide gel electrophoresis (PAGE) (Fig. 1 a) were analysed by tryptic peptide mapping. Representative samples of the maps are shown in Fig. 2 . All of these and the 14 maps of the products intermediate in size, showed a large amount of homology (results not shown), indicating that many of the amino acid sequences in each product were identical. Furthermore, there was very little increase in the complexity of the fingerprints over the whole range of products (Fig. 2) . The small changes in the fingerprints as the products increased in size occurred piecemeal, rather than abruptly. There appeared to be minor deletions as well as minor additions. When comparisons were made with the maps of the Kunjin proteins translated in vivo, the most outstanding feature was that nearly all of the strongly labelled peptides of the C protein could be identified in all maps from p14 to p121, and in addition to these 14 peptides, another three peptides of C were identifiable in p 121 (Fig. 2) . Also, several peptides of Kunjin E protein were identifiable in all of the 18 cell-free translation products, but these amounted to only about one-third of the (approximately) 25 tryptic peptides of E ( Fig. 2 ; . It is possible that additional peptides of E were incorporated but not resolved from some peptides of C (but their number, if any, would be small). Comparisons with maps prepared in parallel of the non-structural proteins were unrewarding; no obvious similarities with any of the maps were detected (results not shown). Therefore, approximately 50~ of the amino acid sequences in the maps of the cell-free translation products of Kunjin genomic RNA cannot be accounted for.
It is obvious from the above results that two-thirds or more of the coding information of Kunjin virus RNA (equivalent to 370000 daltons of protein; Westaway, 1973) was not being expressed in vitro. In order to extend the range of products we attempted to perturb the manner in which the genomic RNA was presented in the cell-free translation system. The cap of genomic and intracellular flavivirus 44S RNA has the structure mTG(5')ppp(5')Am... (Wengler et al., 1978) . The effect of the synthetic cap analogue mTG(5')ppp(5')Am... (P.L. Biochemicals, Milwaukee, Wis., U.S.A.) on translation was therefore examined. A 50 ~t~ amount of the analogue was required to inhibit translation by 50 ~, but the gel profiles obtained at concentrations from 0 to 50 ~tM were qualitatively identical; however, incorporation of [35S]methionine into products larger than about 50000 mol. wt. was progressively reduced, the most affected being p121 (results not shown). Because flavivirus RNA may undergo conformational changes during extraction and purification which sequester cistrons distal from the 5' end, we treated purified virions with 0.15 ~ Nonidet P40, a concentration of non-ionic detergent known to leave only C associated with RNA (Trent & Qureshi, 1971) , and diluted the preparation to subinhibitory concentrations (0-01 ~) before attempting translation; no additional products were obtained (results not shown). Treatment of virion RNA with 50 ~ dimethyl sulphoxide to open up any double-stranded regions or hairpin loops (McCrae & Joklik, 1978) prior to translation resulted in some inhibition but no new polypeptides. Treatment of virion RNA in 50 ~tl with 3 units of ribonuclease III (Enzo Biochemical Co., N.Y., U.S.A.) in order to produce s~aller mRNA-sized fragments (Stewart et al., 1980) rendered it unable to be translated into othe~r than small polypeptides of less than 30000 mol. wt. (results not shown).
Although the cell-free translation products of Kunjin virus RNA contained elements of both the E and C proteins, there was no definitive evidence of translation of the non-structural proteins which represent approximately 80~ of the coding information of the Kunjin genome. 
O
In this respect, our results are very similar to those of Wengler et al. (1979) and Svitkin et al. (1981) with WN virus and TBE virus respectively. Detailed comparisons are difficult because far fewer amino acid sequences were resolved in their peptide maps, especially for sequences equivalent to those in E and C; they identified only five to seven tryptic peptides of C, and six of E in their longest products (compare Fig. 2 ), including 'Pretic 90' (WN) and p118 (TBE).
Our results show that Kunjin virus RNA is translated in vitro in a restricted but reproducible and efficient manner at a rate of at least 7000 daltons of product/rain, approaching the rate of protein translation in vivo, e.g. in cells synchronized in translation, P98 (formerly NV5) was translated in about 9 min (Westaway, 1977) . WN virus 44S RNA from cells and TBE genomic RNA were also translated with similar optimum concentrations of K ÷ (60 to 75 m i ) and Mg 2+ (2-5 to 3 mu) but at a much slower rate, as low as 3000 daltons/min or less (Wengler et al., 1979; Svitkin et al., 1978) . Svitkin et al., (1981) found that at 125 mM-KC1, elongation was strongly inhibited and N-formyl-[3SS]methionine labelled only p36 and p l 3; however, because the only other product labelled with [35S]methionine at 125 mM-K ÷ was p53 (whereas many products were labelled at 75 mM-K ÷) these results do not provide persuasive evidence of a limitation of only one or two initiation sites of translation in vitro. In contrast, we observed no inhibition at 120 mM-K +, and the results of Wengler et al. (1979) appeared to favour elongation even at 275 mM-K ÷. It may be significant that the 'high salt-resistant' group of the TBE RNA translation products appears to comprise the two major structural proteins and an intermediate-sized protein, similar to the in vivo products of Kunjin and Japanese encephalitis viruses which were resistant to translation inhibition by puromycin or by cycloheximide (Shapiro et al., 1973; Westaway & Shew, 1977) , and hence appear to be under separate translational control.
The complexity of the smaller mol. wt. translation products from Kunjin RNA suggests that they comprise mixtures of several overlapping products including 'early quitters' which must be initiated independently in vitro. Whether this occurs because of fragmentation of the RNA due to contaminating ribonucleases in the reticulocyte preparations (which may account for the decrease in low mol. wt. products with the later kit, see Fig. 1 b) , allowing initiation at novel sites, is not known. However, long tracts of the expressed regions must allow elongation to proceed for approximately 30 min. Furthermore, the amino acid sequences translated into the Short communications longest products and others, are a heterogeneous collection, only some of which are identifiable. The unidentifiable sequences may arise from initiation at sites upstream from and in addition to that of the C protein; such sites may be flanked by nucleotide sequences normally inefficient for ribosome binding (Kozak, 1981 ; Kitamura et al., 1981) . Premature termination of this upstream translation, and frequent continuation into the C and/or E cistrons in the same reading frame(s) could account for the observed in vitro results with all the flaviviruses.
Control of translation of flavivirus RNA appears to be profoundly influenced in a selective manner by its conformation, by the ionic environment (Svitkin et al., 1981) , or by translation inhibitors (Shapiro et al., 1973; Westaway & Shew, 1977) . No solid basis exists at present for defining a gene sequence of flavivirus RNA or for interpretation of the in vitro results in terms of a single site or multiple sites of initiation.
